Vesicle transport containers move proteins and lipids from one membrane system to another. Vesicles used for intracellular transport are identifiable by their three major classes of coats, COPI, COPII, and clathrin, and their partners (as reviewed by Kirchhausen 1) ). One of these coated vesicles, clathrin-coated vesicles, are carriers of cargo from the cell membrane, from the endosome, and from the trans-Golgi network (TGN) (as reviewed by Kirchhausen 2) ). Clathrin-coated vesicles are constructed of lattices of triskelia consisting of three clathrin heavy chains and light chains, and adaptor protein complexes that mediate selective inclusion of membrane-anchored proteins into budding coated pits. During the formation of the clathrin-coated vesicle, a limited set of coat proteins carries out a programmed set of sequential interactions as follows: initiation of coated pit formation (initiation); propagation of the clathrin lattice, accompanied by budding of the pit and cargo recruitment (budding); completion of the lattice and scission of the membrane neck (scission); and removal of the clathrin coat (uncoating). These dynamic steps have been investigated mainly in endocytosis on the cell membrane in living cells by fluorescent microscopy, and the behavior of clathrin-coated pits (CCPs) and the accumulation and dissociation of coat components on the pits have been described. [3] [4] [5] However, the behavior of clathrin during pit formation at the TGN has received less attention.
We have developed an experimental system that can readily observe the in vivo dynamics of certain proteins using fluorescent proteins. 6, 7) The present study was designed to reveal the dynamics of CCP formation at the TGN.
Plasmids coding for enhanced green fluorescent protein-tagged human clathrin light chain a (GenBank: BC009201) (GFP-CLCa) were introduced into MDA H3/imp cells derived from the human MDA-MB-435 cell line. MDA H3/imp cells express CFP-histone H3 and DsRed-Áimportin 2, which are ideal morphological markers of the nucleus and the nuclear membrane respectively. 6) MDA-MB-435 cells stably expressing GFP-CLCa (MDA H3/imp/CLCa) grown on coverslips were fixed and observed with an Eclipse E600 fluorescent microscope (Nikon, Tokyo). GFP-CLCa was observed as fine dots on the plasma membrane, and was highly concentrated in a perinuclear region as an ellipsoid of approximately 9 mm in major axis (Fig. 1A) . It was extremely difficult to distinguish individual fluorescent dots in the perinuclear ellipsoidal structure.
For live-imaging microscopy, cells grown in a 35-mm glass-bottomed dish were observed with an Eclipse TE300 fluorescent microscope (Nikon), using LuminaVision v. 1.54 software (Mitani, Fukui, Japan), as previously described, 6) or an Eclipse TE2000-U microy To whom correspondence should be addressed. Tel: +81-72-254-9464; Fax: +81-72-254-9463; E-mail: ssaka@biochem.osakafu-u.ac.jp Abbreviations: BFA, brefeldin A; CFP, cyan fluorescent protein; CLCa, clathrin light chain a; CCP, clathrin-coated pit; GFP, green fluorescent protein; PFs, periodic fluctuations; TGN, trans-Golgi network scope (Nikon) equipped with a laser scanning CSU10 confocal unit (Yokogawa Electric, Tokyo). Observation of living cells indicated that the localization of GFPCLCa was the same as that observed in fixed cells (Fig. 1B) . The localization of GFP-CLCa in MDA-MB-435 cells was identical to that of endogenous clathrin in Swiss 3T3 fibroblasts, 8) and to fluorescent proteintagged CLCa in COS-1 3) and Swiss 3T3 cells. 4) Since GFP-CLCa was incorporated into triskelia 3) and the GFP-tagged clathrin heavy chain was able to form a clathrin lattice, 9) we inferred that the fluorescence of GFP-CLCa in the perinuclear region represented CCPs at the TGN.
To identify the in vivo dynamics of CCPs at the TGN, time-lapse observation was performed. Images were recorded at intervals of 5-10 s, and each Z-series contained 3-6 slices of up to 1 mm in thickness. For presentation, image stacks were converted to maximumintensity projections using LuminaVision software. As shown in Fig. 2A and B, time-lapse observation revealed that the intensity of the fluorescence signals of GFP-CLCa at the TGN repetitively increased and decreased while maintaining certain intervals, like a wave motion. No fluorescent oscillations were detected in other regions of the cell. These results indicate that the accumulation and dispersion of CLCa occurred synchronously and periodically in a certain rhythm at the TGN. Since it is thought that changes in fluorescence signals on the coated pits represent various stages in the process of budding, [3] [4] [5] it is likely that the process from initiation of CCP formation to uncoating of the clathrin coat occurs synchronously and periodically at the TGN in MDA-MB-435 cells. We term this novel and intriguing motion of CLCa periodic fluctuations (PFs), to express its characteristic property. PFs at the TGN were constantly observed in more than two-thirds of the cells, but the phases of PFs among cells did not appear to be synchronized with each other.
Since PFs represent a rhythm of the budding cycle of CCPs at the TGN, we measured the intervals of PF cycles using projected images obtained by live-imaging microscopy. Cycles of fluctuations of GFP-CLCa fluorescence were evaluated by measuring the change in fluorescence intensity using LuminaVision software or by visual inspection of time-lapse movies. Plots of the fluorescence intensity of GFP-CLCa showed an almost regular sinusoidal curve, indicating that it fluctuated at intervals of approximately 100 s (102:6 AE 12:8 s, n ¼ 205) (Fig. 2C) . Almost the same results were obtained from analysis using sectioned images (data not shown).
Brefeldin A (BFA) is known to cause disorganization of the Golgi apparatus 10) and to inhibit the association of clathrin to the TGN.
11) Hence we investigated the influence of BFA on PFs in living cells. The addition of 50 ng/ml BFA to the culture caused gradual diffusion of the Golgi apparatus/TGN stained with BODIPY TR ceramide (Invitrogen, Carlsbad, CA), and simultaneous observation of CLCa signals indicated that the cycle of PFs was irregularly prolonged (data not shown). Approximately 50 min after this addition, the Golgi/TGN almost entirely diffused into the cytoplasm, and the fluctuations of the CLCa signals also ceased. These results suggest that PFs require the regular architecture of the TGN and correct association with the clathrin there.
To examine whether PFs also occur in other cell lines, GFP-CLCa was transiently expressed in mouse NIH 3T3 cells and bovine MDBK cells. In many cases, transient transfection caused high-leveled expression of GFPCLCa, and those cells indicated neither correct localization of CLCa nor PFs. In cells expressing low to moderate levels of protein (five and three cells in MDBK and NIH 3T3 cells respectively), fluorescence signals in the perinuclear region showed PFs (Fig. 3) , suggesting that PFs can be widely observed in a variety of cell lines. The PFs in NIH 3T3 and MDBK cells The data described above suggest that vesicle formation occurs synchronously and periodically at the TGN, and that the PFs of GFP-CLCa reflect this phenomena. Recently, it was reported that clathrin has another function in addition to the conventional function of generating vesicles. Royle et al. 12) reported that clathrin triskelia stabilized kinetochore fibers during mitosis. Because PFs were not observed anywhere during mitosis in our experiments (data not shown), PFs must not relate to the stabilization of spindle organization. Although we cannot completely rule out the possibility that CLCa or triskelia functions in unknown ways and that PFs thus occur at the TGN during the interphase, there is no report supporting this as far as we know.
Merrifield et al. 4) analyzed the dynamics of clathrincoated pits on the plasma membrane by evanescent field microscopy, and indicated that dynamin and actin functioning in vesicle organization sequentially accumulated at the budding site approximately 40 s before scission. They also showed that the time between the appearance of the CCP and the scission was on average 127 AE 5 s. 5) This suggests that the formation of a vesicle requires a certain time. We identified that a round of vesicle formation occurred every approximately 100 s at the TGN, and that the formation cycle was synchronized among CCPs. PFs were not observed at the plasma membrane, indicating that formation of CCPs does not synchronize there. CCPs were extremely concentrated at the TGN, and the CCPs could hardly be discriminated, unlike the case of the plasma membrane (Fig. 1A) . If an initiation of vesicle formation at a certain site leads closely-adjacent sites to initiation of vesicle formation, highly concentrated budding sites may induce the synchronization of vesicle formation. It has been reported that clathrin often concentrates on the lower surfaces of cells and forms large patches of diameter > 500 nm. The formation of CCPs at the patches often occurred successively several times (approximately four times), but the periodicity of formation cycles was not mentioned. 5) A close inspection as to whether PFs exist at the large clathrin patches should further clarify the relationships between the density of CCPs and the synchronization of vesicle formation. 
